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Medici
BergenAbstract—Several different platforms providing ultrasound elastography have emerged in recent years. In this
in vitro study on a single tissue-mimicking phantom (CIRS Model 49), we aimed to compare the performance of
quantitative elastography measurements from platforms running strain elastography and others running shear
wave elastography. We evaluated five different elastography platforms using both linear and curvilinear probes.
All measurements were performed in parallel by two independent investigators who recorded the elasticity quan-
titatively.We investigated intra- and inter-observer agreement by intra-class correlation analysis and coefficient of
variation, by correlation and limits of agreement. The reproducibility of elasticity measurements was good to
excellent for shear wave and strain elastography. All five elastography platforms had high intra-observer
(intra-class correlation coefficient: 0.932–1.0) and inter-observer correlation (intra-class correlation coefficient:
0.845–0.996). All inclusions could be differentiated by quantitative elastography by all systems (p , 0.001). The
use of a linear probe yielded more reproducible measurements compared with use of a convex probe in 3/4 plat-
forms. (E-mail: roald.flesland.havre@helse-bergen.no)  2016 The Authors. Published by Elsevier Inc. on
behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ultrasound (US) elastography is a common term for im-
aging techniques that aim to visualize or assess tissue
elasticity by ultrasound. In the clinical application, elas-
tography provides images or measures of what medical
doctors may sense by palpation. Two main methodolo-
gies are available in clinical scanners, strain elastography
(SE) and shear wave elastography (SWE), although there
are several technical differences between the makers of
US scanner software (Bamber et al. 2013). Both methods
have proven useful for non-invasive diagnosis of tissue
pathology in several organs such as breast, thyroid, liver,
lymph nodes and pancreas (Bhatia et al. 2012; D’Onofrio
et al. 2016; Fraquelli et al. 2007; Friedrich-Rust et al.
2016; Garra et al. 1997; Giovannini et al. 2009; Itoh
et al. 2006; Janssen et al. 2007; Janssen and
Papavassiliou 2014; Mei et al. 2013; Pozzi et al. 2012;ddress correspondence to: Roald Flesland Havre, Department of
ne, Haukeland University Hospital, Jonas Lies vei 49, N-5021
, Norway. E-mail: roald.flesland.havre@helse-bergen.no
2572Saftoiu et al. 2008; Salomon et al. 2008; Sebag et al.
2010; Sporea et al. 2012b; Tsutsumi et al. 2007; Ying
et al. 2012; Zhi et al. 2007). Some studies have
investigated the in vitro reproducibility of single
platforms (Carlsen et al. 2015) or compared two or
several modalities in phantom studies (Carlsen et al.
2015; Dillman et al. 2015; Franchi-Abella et al. 2013;
Oudry et al. 2014; Shin et al. 2016), as well as in the
livers of patients and healthy controls (Cassinotto et al.
2014; Ferraioli et al. 2012b). However, few other
studies have compared the reproducibility of several
different SWE platforms in a head-to-head study with
strain-based elastography platforms in the same test pa-
tients in five different clinically applied US systems.
Strain elastography uses autocorrelation of the posi-
tion of image lines under repeated applied stress, creating
an image of local strain superimposed on the B-mode im-
age in real time. The method is also known as quasi-static
elastography because of the relatively slow compression
and decompression compared with the US frame rate.
For quantitative analysis, a built-in method for comparing
strain in two or more user-selected areas, called the strain
Comparison of elastography systems d A. MULABECIROVIC et al. 2573ratio (SR), may be used. Because the method is applied
freehand, we have no knowledge of the stress applied.
For quantification, we have used the relative difference
in strain:
SR5
Mean strain in reference area ðBÞ
Mean strain in lesion ðAÞ (1)
The SR represents the elastic contrast between two
areas within the insonified plane. By defining the SR as
in eqn (1), any lesion harder than the reference tissue
will have an SR. 1. As a consequence, a higher SR value
represents increased tissue stiffness in the lesion relative
to the reference tissue selected. A pre-condition in using
SR as a measurement for tissue stiffness determination is
that the two areas have been subject to similar stress (Cho
et al. 2010; Havre et al. 2014; Itokawa et al. 2011). The
tissue stiffness is measured with Young’s modulus and
expressed as pressure in pascals (Pa). The relationship
between the local stress and the resulting strain is
defined by Young’s modulus (E), and it quantifies tissue
stiffness.
E5
Dstrain
Dstress
(2)
When shear wave speed is the basis of elasticity
quantification, the calculation of the shear modulus is
based on two assumptions: the first is that the tissue den-
sity (r) is a constant and expressed in kg/m3. The density
of healthy tissue is relatively constant in the body and
very close to the density of water (1000 kg/m3):
Shear modulusðmÞ5 rðcswÞ2 (3)
where csw represents the shear wave speed. The other
assumption is that the soft tissue behaves like an incom-
pressible material with a Poisson ratio (n) ofz0.5.
Shear modulus ðmÞ5 Elastic modulus ðEÞ
2ð1 1 Poisson ratio½nÞ (4)
Using the nz 0.5 assumption in this equation yields
the following relationship between the shear modulus (m)
and the Young’s modulus (E):
Ez3m (5)
The expected values for shear wave velocities are
calculated as
csw5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E
3r
s
(6)
We used the values for tissue density (r) and
Young’s modulus (E) as provided by the manufacturer
of the phantom.Shear wave-based elastography systems use phys-
ical excitation of tissue, often provided by an acoustic
pulse of adequate energy, to create local shear waves trav-
eling perpendicular to the longitudinal US waves. Shear
waves are transversewave deformations and travel slower
than US waves in tissue. They may be tracked by contin-
uous US scanning so that their speed may be measured
over relatively limited distances (Palmeri et al. 2005a,
2005b).
Point shear wave elastography (pSWE) on the Phi-
lips iU22 is a method that produces a quantitative mea-
surement of tissue elasticity, but no visualization of
strain or Young’s modulus. Supersonic shear wave elas-
tography (supersonic imaging [SSI]) (Bamber et al.
2013; Bercoff et al. 2004) uses a different method that
enables ultrafast frame rates. SSI provides both
elasticity imaging and quantification (in kPa) or shear
wave speed (m/s) in a 2-D area larger than that in
pSWE. A transient cone of shear waves is created by
several acoustic push pulses deposited at different
depths with a small time lag. This creates an expanding
‘‘acoustic cone’’ that can be tracked using plane US
waves at high frame rates (Deffieux et al. 2009;
Gennisson et al. 2010; Tanter et al. 2008).
Considering the expanding spectrum of ultrasound-
based elastography systems that have evolved, wewanted
to assess and compare the intra- and inter-observer reli-
ability of several commercially available systems in a
tissue-mimicking phantom. The aim of this study was
to assess the repeatability of quantitative elastography
measurements by five different elastography systems in
a tissue-mimicking phantom with inclusions of known
Young’s modulus. Both linear and curvilinear US probes
were used as available for elasticity imaging and/or
measurement.METHODS
The scanners and elastography software used in this
study were commercially available except for one soft-
ware, GE-SWE, which was unreleased at the time of
data recording. The methods were approved for medical
use in diagnostic ultrasonography and reported the local
tissue elasticity in terms of strain or shear wave speed.
Five different elastography systems were evaluated in
terms of intra- and inter-observer reproducibility. Two
of the systems were strain-based imaging methods:
Real-time elastography (Ascendus, Hitachi Medical,
Zug Switzerland) and GE Logiq E9 (GE Ultrasound, Mil-
waukee, IL, USA). The strain ratio, SR (Hitachi), or elas-
ticity index, E (GE), was used for relative strain
quantification. Three of the systems were based on mea-
surement of shear wave speed as a basis for determination
of tissue elasticity. These systems were pSWE (Philips
2574 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016iU22 XM, Eindhoven, Netherlands), SSI (Aixplorer, Aix-
en-Provence, France) and one shear-wave elastography
software from GE Healthcare (Milwaukee, WI, USA)
used on a GE Logiq E9 scanner.
The object for examination was a tissue-mimicking
phantom (Model 049 Elasticity QA Phantom, Computer-
ized Imaging Reference Systems Company [CIRS], Nor-
folk, VA, USA). The phantom is made of a polymer
(Zerdine) and was individually quality assessed by the pro-
ducer. The phantom had the following ultrasound proper-
ties: speed of sound in the background 5 1540 6 10 m/s,
attenuation coefficient 5 0.5 6 0.05 dB/cm-MHz,
density 5 1.04 g/cm3. The densities of inclusions 1–4 and
the background were 1.04, 1.05, 1.06, 1.05 and
1.05 g/cm3 (Table 1). The elasticities selected for lesions
and background material were comparable to elastic con-
trasts found in biological tissue; however, the phantom ma-
terial did not possess viscous properties similar to those of
biological tissue (Browne et al. 2003). According to the pro-
ducer, the standard deviation of the measurement was 5%.
The phantom contained eight spherical inclusions, repre-
senting four different elasticities: 8 6 3, 14 6 4, 45 6 8
and 80 6 12 kPa in a background of 25 6 6 kPa. Four in-
clusions with a diameter of 20 mm and four with a diameter
of 10 mm were situated with central depths of 35 and
15 mm, respectively. For the assessment of diagnostic per-
formance, the four largest inclusions (diameter 5 20 mm)
were used in this study.
A standardized circular region of interest (ROI) with
diameter 15 mm was used over the inclusions for all mo-
dalities, except for point shear wave elastography (Philips
iU22). A reference ROI with a diameter of 7mmwas used
when the sampling areas were adjustable. Ratios between
two areas were available as a mode quantification for the
strain elastography systems (RTE, Hitachi, and GE-SE,
GE), as illustrated in Figure 1.
Three observers (A.M., R.F.H. and M.V.) partici-
pated in the study. Only one observer (A.M.) obtained
data from all scanners; R.F.H. obtained data fromHitachi,
GE strain and GE-SWE and Aixplorer; and MVobtained
data from the Philips iU22. The observers had varying
experience in ultrasound and elastography studies:
R.F.H. had 7 y of experience in ultrasound and elastogra-
phy studies, M.V. had 3 y of experience in ultrasound and
elastography studies and A.M. had 4 mo of experience inTable 1. Expected measurements for all inclus
Inclusion Young’s modulus (kPa) Density (g/cm3)
1 8 6 3 1.04
2 14 6 4 1.04
3 45 6 8 1.05
4 80 6 12 1.06
Background 25 6 6 1.05ultrasound and 1 mo in elastography studies. None of the
observers was experienced with all of the systems at the
time of data collection. R.F.H. and M.V. had individually
more experience with Hitachi and Philips, respectively,
than A.M. For GE and Aixplorer, the difference in expe-
rience was limited for all observers. Each observer was
blinded to the others’ results and independently per-
formed measurements and collected data by scanning
the phantom. Both curvilinear and linear probes provided
elasticity imaging or quantification (Bamber et al. 2013).
All observers used the same elastography image settings.
Each imagewas recorded to the hard drive of the scanners
and subsequently stored on an external storage device.
Quantitative measurements of the elasticities were also
recorded for each acquisition.
Description and settings of the elasticity imaging
scanning platforms applied
Software versions and default settings are provided
in the Appendix.
Supersonic shear wave elastography (SSI). This
scanner provided an elasticity color map superimposed
on the B-mode echogram, where red and blue indicated
harder and softer tissue, respectively. The ROI could be
adjusted in size and position. We compared an ROI
15 mm in diameter placed centrally within the lesion
with a reference tissue ROI 7 mm in diameter (Fig. 1a).
One long cine loop was recorded for each lesion, allowing
the designation of 10 ROIs for quantitative analysis post-
acquisition, and results were given as the median of 10
repeated measurements using kPa and shear wave speed
in m/s. The probe was held still with a minimum of pres-
sure on the phantom surface. The elasticity is directly
deduced by measuring the speed of shear wave propaga-
tion (m/s), as indicated in eqn (5), and presented in an
elasticity color map. The default scanner settings were
applied, and scanning was performed using the probes
C6-1 (curvilinear) and L10-2 (linear).
Shear wave elastography (GE Logiq E9, GE-
SWE). This scanner provided an elasticity color map
superimposed on the B-mode echogram. The ROI could
be adjusted in size and position. One long cine loop
was recorded for each lesion, allowing the designation
of 10 ROIs for quantitative analysis post-acquisition,ions and background material 6 5% SD
Expected shear wave velocity (m/s) Expected elastic ratio
1.60 6 0.08 0.3 6 0.02
2.12 6 0.11 0.6 6 0.03
3.78 6 0.19 1.8 6 0.09
5.02 6 0.25 3.2 6 0.20
2.82 6 0.14 1.0 6 0.05
Fig. 1. Images of phantom scanning for all systems, with region of interest settings. (a) Aixplorer. (b) GE-SWE. (c) GE-
SE. (d) Hitachi. (e) Philips.
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Fig. 1. (continued).
2576 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016and results were given as the median of 10 repeated mea-
surements (Fig. 1b). The data were recorded as elasticity
using kPa and as shear wave speed in m/s. The probe was
held still with a minimum of pressure on the phantom sur-
face. The default scanner settings were applied and scan-
ning was performed using both C6-1 (curvilinear) and 9 L
(linear) probes.
Strain elastography (GE Logiq E9, GE-
SE). Freehand scanning with a compression rate that
provided a stable elastogram was applied to the scanner
surface. A strain-based elasticity color map was pro-
vided superimposed on the B-mode image. Elasticity
was reported as elasticity index (E), a unitless scale rep-
resenting the relative strain value. The elasticity index
was calculated as average strain in a user-selected circu-
lar area over the inclusion within the ROI divided by the
average strain in the ROI as a whole (Fig. 1c). E values
0–1 indicate a softer region with higher than the average
strain, whereas values .1 indicate a harder region of
lower than average strain. Several elasticity ROIs could
be designated during the same scanning, and we applied
our standardized sample areas over inclusions and refer-
ence material. We recorded consecutive measurements
within a stable cine loop and where the quality indicator
displayed a green signal. Each measurement was
repeated 10 times and E (0–6) was registered. The
default scanner settings were applied and scanning wasperformed using both 9 L (linear) and C1-5 (curvilinear)
probe.
Real-time elastography (Hitachi). Freehand scan-
ning with a compression rate that provided a stable elasto-
gram (80–100/min) was applied to the phantom surface.
The scanner provided a strain color map in real time
over a B-mode image. Calculation of SR was done on a
loop sequence with adequate signal according to the
strain indicator curve. Ten different SR values were
calculated as mean strain in reference tissue (B) divided
by mean strain in the inclusion (A) recorded from a repre-
sentative cine loop of each lesion (Fig. 1d). The default
RTE scanner settings were applied and scanning was per-
formed using the L53 (linear) probe and C5-1 (curvi-
linear) probe.
Point shear wave elastography (Philips). This scan-
ner provided an ROI for elasticity measurement with a
fixed area (0.5 cm in the lateral direction, 1 cm in the axial
direction) that could be placed freely within the field of
view. The ROI was placed centrally within the inclusions
(Fig. 1e). No recording of reference tissue elasticity was
possible when scanning the inclusions. Instead, the back-
ground material was scanned in a separate session at the
same depth as the four inclusions. Default scanner set-
tings and a curvilinear probe (C5-1) were applied and
measurements were made while the probe was held still
Comparison of elastography systems d A. MULABECIROVIC et al. 2577with minimum pressure on the phantom surface. Ten
repeated acquisitions were made, and the result was given
as the median of 10 individual measurements. The mea-
surements were recorded in shear wave velocity as m/s
and in kPa. This modality did not provide a strain image.Statistical analysis
IBM SPSS Statistics Version 20 was used for all sta-
tistical analyses. Data were analyzed using descriptive
statistics and one-way analysis of variance. Elasticity
values are presented as median values with min–max
values over 10 consecutive measurements of each inclu-
sion. The median elasticity quantification value and inter-
quartile range is presented for each platform in the
boxplot. Intra-observer variability is provided by the co-
efficient of variation (CV), which is the standard devia-
tion (SD) divided by the mean value. A low CV is
equivalent to high measurement repeatability. Inter-
observer reliability is presented as the inter-class correla-
tion coefficients (ICC). High inter-observer reliability is
indicated by an ICC near 1.00. Inter-observer agreement
was further assessed by correlation plot analysis using
Pearson’s correlation coefficient (r), and differences be-
tween individual measurements are reported as limits of
agreement for each of the platforms and the probes
used (Bland and Altman 1999, 2007).
SPSS version 20 IBM Statistics (Armonk, New
York, NY, USA) was used for statistical analysis.RESULTS
Differentiation of inclusions
Elastography with quantification of measurements
was performed on all four lesions and the background
material in the tissue-mimicking phantom. In Table 2,
the median elasticity values, or median strain ratios, for
each of the four inclusions are given for all platforms
and probes and by the individual observer as well as the
pooled results. All four lesions could be significantly
differentiated by their elasticity measurements using
any of the five elastography methods (p , 0.001). The
boxplots for observers A and B (Fig 2a–i) for all inclu-
sions illustrate the median values, as well as the measure-
ment variability, the interquartile range is represented by
the vertical distribution of the box for each inclusion. In
Table 3, we present the intra- and inter-observer variation
based on mean values of SR or SWE as the CVand ICC.
For shear wave elastography with the Philips, SSI and
GE-SWE, median elasticity values were closer to the
elasticity value given by the producer of the phantom
for the hardest inclusion (inclusion 4) compared with
the softer inclusions. This was found for both the linear
and curvilinear probes. Strain elastography by GE-SEand Hitachi achieved significantly different E and SR
values, respectively, for each inclusion.
Measurement variability
All systems had a pooled CV ,1.0, which corre-
sponds to low variance and high reproducibility in mea-
surements (Table 3). Generally, variability in
measurements exhibited a tendency to increase, with
harder lesions yielding higher measurement values. For
shear wave elastography, however, the variability was
similar for the two softest lesions and for the two hardest
lesions, respectively, for all three methods. For strain
elastography, RTE exhibited a trend toward lower vari-
ability for the two softest lesions than for the two hardest
lesions (Table 3). For GE-SE, CVs were in the ranges
0.00–0.16 for the two softest lesions and 0.05–0.19 for
the two hardest lesions (Table 3). All systems exhibited
high inter-observer reliability as assessed by ICC, indi-
cated by ICCs in the ranges 0.85–1.00 for strain methods
and 0.99–1.00 for shear wave methods.
Differences in repeatability by method
High repeatability in elasticity measurements was
obtained for both strain elastography methods, as well
as all three shear wave elastography methods. The corre-
lation between observers A and B was excellent for all
platforms, with correlation coefficients r in the range
0.937–0.997 (Fig. 3a–i). In Figure 4a–i, Bland–Altman
plots illustrate the differences in individual measure-
ments from a common mean value for both observers.
A deviation of the mean from 0 on the second axis would
represent a difference between the observers, and could
indicate bias between observers. However, this deviation
is very limited in all platforms (Fig. 4a–i). A common
feature of all platforms is a tendency for larger variability
for inclusions 3 and 4 compared with inclusions 1 and 2,
as indicated by a larger data spread as visualized by
higher boxes (IQR) in the boxplots (Fig. 2a–i) and larger
spread of measurements in correlation and Bland–Altman
plots (Figs. 3 and 4a–i).
Differences in repeatability by linear or curvilinear
probe
For a majority of the platforms, the measurements
exhibited higher variation when the curvilinear probe
was used than when the linear probe was used while scan-
ning the phantom inclusions; however, one of the strain-
based platforms (RTE) exhibited larger measurement
variation for the linear probe than for the curvilinear
probe (Fig. 4g, h). Correlation between observers also ex-
hibited a tendency toward higher correlation coefficients
for linear probes compared with curvilinear probes for
each system, except for RTE, where the correlation coef-
ficient was higher for the curvilinear probe (Fig. 3g, h).
Table 2. Median elasticity measurements for all systems
Elastography system Probe shape Observer
Inclusion 1
(8 6 3 kPa)
(ER 0.3 6 0.02)
Inclusion 2
(14 6 4 kPa)
(ER 0.66 6 0.03)
Inclusion 3
(45 6 8 kPa)
(ER 1.8 6 0.09)
Inclusion 4
(80 6 12 kPa)
(ER 3.2 6 0.20)
Philips Curvilinear A 6.2 kPa
(5.7–6.5)
11.8 kPa
(10.1–13.5)
42.9 kPa
(37.6–51.1)
59.5 kPa
(48.4–69.3)
B 6.3 kPa
(5.6–7.4)
12.2 kPa
(12.0–12.7)
39.0 kPa
(35.8–46.7)
50.4 kPa
(46.8–62.0)
A 1 B 6.2 kPa
(5.6–7.4)
12.1 kPa
(10.1–13.5)
41.0 kPa
(35.8–51.1)
55.5 kPa
(46.8–69.3)
GE-SWE Linear A 7.4 kPa
(7.2–7.5)
10.9 kPa
(10.8–11.0)
41.9 kPa
(41.3–42.4)
88.4 kPa
(87.1–89.5)
B 8.1 kPa
(8.0–8.6)
11.2 kPa
(11.0–11.4)
43.8 kPa
(41.5–45.9)
94.1 kPa
(85.7–98.8)
A 1 B 7.7 kPa
(7.2–8.6)
11.0 kPa
(10.8–11.4)
42.0 kPa
(41.3–45.9)
89.0 kPa
(85.7–98.8)
Curvilinear A 6.5 kPa
(6.4–6.6)
10.2 kPa
(9.9–10.2)
36.5 kPa
(35.43–38.0)
63.5 kPa
(54.9–72.2)
B 6.8 kPa
(6.6–7.1)
9.8 kPa
(9.7–9.9)
36.1 kPa
(35.3–37.0)
64.3 kPa
(60.4–67.9)
A 1 B 6.6 kPa
(6.4–7.1)
9.9 kPa
(9.7–10.2)
36.2 kPa
(35.3–38.0)
64.3 kPa
(54.9–72.2)
SSI Linear A 7.2 kPa
(7.0–7.9)
10.6 kPa
(10.3–10.9)
42.8 kPa
(40.8–43.6)
84.5 kPa
(79.9–92.7)
B 7.0 kPa
(6.9–7.3)
10.3 kPa
(10.2–10.4)
42.5 kPa
(41.5–43.7)
91.9 kPa
(88.4–94.3)
A 1 B 7.0 kPa
(6.9–7.9)
10.4 kPa
(10.2–10.9)
42.6 kPa
(40.8–43.7)
89.3 kPa
(79.9–94.3)
Curvilinear A 11.7 kPa
(10–13.5)
15.4 kPa
(12.2–18.9)
36.9 kPa
(35.0–38.7)
52.9 kPa
(49.0–57.2)
B 10.7 kPa
(10.1–11.9)
14.0 kPa
(12–15.9)
33.8 kPa
(32.5–34.8)
58.9 kPa
(52.1–64.7)
A 1 B 11.1 kPa
(10.0–13.5)
14.5 kPa
(12.0–18.9)
34.9 kPa
(32.5–38.7)
56.5 kPa
(49.0–64.7)
GE-E Linear A 0.8 E (0.7–1.1) 0.8 E (0.7–0.8) 1.3 E (1.2–1.4) 2.9 E (2.7–3.2)
B 0.7 E (0.7–0.7) 0.8 E (0.7–0.9) 1.2 E (1.1–1.3) 1.88 E (1.7–2.0)
A 1 B 0.7 E (0.7–1.1) 0.8 E (0.7–0.9) 1.2 E (1.1–1.4) 2.35 E (1.7–3.2)
Curvilinear A 0.7 E (0.6–1.0) 0.7 E (0.7–0.7) 1.4 E (1.2–1.6) 2.55 E (2.3–3.0)
B 0.6 E (0.5–0.6) 0.8 E (0.7–0.9) 1.5 E (1.2–2.1) 2.7 E (2.1–3.0)
A 1 B 0.6 E (0.5–1.0) 0.7 E (0.7–0.9) 1.4 E (1.2–2.1) 2.6 E (2.1–3.0)
Hitachi Linear A 0.7 SR (0.7–0.8) 0.9 SR (0.8–0.9) 2.3 SR (2.1–2.4) 2.5 SR (2.3–2.7)
B 0.6 SR (0.6–0.7) 0.8 SR (0.7–0.8) 1.9 SR (1.8–2.0) 2.8 SR (2.5–2.9)
A 1 B 0.6 SR (0.6–0.8) 0.9 SR (0.7–0.9) 1.9 SR (1.8–2.4) 2.7 SR (2.3–2.9)
Curvilinear A 0.4 SR (0.4–0.5) 0.7 SR (0.6–0.7) 1.3 SR (1.2–1.4) 2.2 SR (2.1–2.2)
B 0.5 SR (0.5–0.6) 0.7 SR (0.6–0.8) 1.2 SR (1.1–1.3) 2.0 SR (1.9–2.2)
A 1 B 0.5 SR (0.4–0.6) 0.67 SR (0.6–0.8) 1.2 SR (1.1–1.4) 2.1 SR (1.9–2.2)
ER 5 expected elastic ratio.
Background elasticity is 25 6 6 kPa.
Numbers are mean (min–max) should apply for all numbers
2578 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016Intra-observer variability analysis revealed higher mea-
surement variability for hard compared with soft inclu-
sions for all systems (Fig. 2a–i). The harder inclusions
also exhibited more variation in measurements using
curvilinear compared with linear probes for strain-based
systems, whereas no significant difference in variability
because of probe design could be identified for the
SWE systems.DISCUSSION
In this head-to-head comparison of five elastography
software platforms made for clinical scanning and avail-
able in commercial scanners, we found that all systemsreliably differentiated four inclusions that were softer or
harder than the surrounding tissue-mimicking phantom
material. In all systems, we found a high level of intra-
and inter-observer repeatability. We chose to use the
scanner software, as proposed by the makers of the US
equipment, to compare data in the same way as intended
for clinical application. As strain-based and shear wave-
based methods enable different methods for quantification
of tissue stiffness, it might be argued that a more stringent
comparison between strain- and shear wave-based elastog-
raphy would be SWE reported as a ratio of Young’s
modulus (kPa) or shear wave speed (m/s) in background
and in inclusions. However, this would not correspond to
the measurements of clinical users of the equipment.
Fig. 2. Variation in elasticity measurements: The boxplot displays the median and 50% percentile (interquartile range);
whiskers represent the 90% percentile of the measured elasticity by each the two observers for the four inclusions. The
height of the box represents the measurement variability of the single observer for each of the inclusions. The horizontal
axis represents the four inclusions with increasing stiffness: inclusion 1 (86 3 kPa), inclusion 2 (146 4 kPa), inclusion 3
(456 8 kPa), inclusion 4 (806 12) in a background of 256 6 kPa. The horizontal axis represents elasticity value (strain
ratio/kPa/elasticity). The systems and the applied probes are provided within the figure. SWE5 shear wave elastography;
pSWE 5 point SWE; SR 5 strain ratio.
Comparison of elastography systems d A. MULABECIROVIC et al. 2579Generally, the repeatability in quantitative elasticity
measurements was lower for the harder inclusions than
for the softer inclusions.
In quantification of elasticity in the tissue-
mimicking phantom, the two shear wave-based systems
SSI and GE-SWE provided elasticity values in kPa
closest to the elasticity values provided by the producer
of the phantom (Table 2). These two systems also ex-
hibited very high repeatability in elasticity measurements
for all four inclusions. SSI and GE-SWE measurements
were made based on single cine loops lasting 3–6 s. In
contrast, pSWE measurements were made based on 10individual acquisitions with a cool-down period in be-
tween. This might have been anticipated to introduce a
bias, as a stable position and pressure might be more diffi-
cult to achieve for pSWE; however, this difference would
persist also for clinical application of the methods.
Furthermore, all the systems evaluated in this study ex-
hibited a high level of repeatability in quantitative elastic-
ity measurements, with ICC values ranging from 0.932 to
1.0 for individual observers and from 0.845 to 0.996 be-
tween two observers (Table 3). Significant differences
were seen in inter-observer data examining the same in-
clusions. In one system (GE-SE), the repeatability
Fig. 2. (continued).
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Table 3. Measurement repeatability by system, probe and observer
System Unit Probe Inclusion
Mean Coefficient of variation Intra-class correlation coefficient
A B A B A B AB*
Philips kPa C5-1 1 6.2 6.3 0.03 0.09 0.983 0.986 0.975
2 12.3 11.6 0.02 0.09
3 39.5 44.1 0.08 0.1
4 59.0 52.3 0.12 0.11
Background 26.2 25.7 0.04 0.03
GE (SWE) kPa 9 L 1 7.4 8.2 0.02 0.09 1 0.996 0.998
2 10.9 11.2 0.01 0.01
3 41.8 43.7 0.01 0.04
4 88.4 93.0 0.01 0.05
C1-5 1 6.5 6.8 0.01 0.03 0.986 0.996 0.991
2 10.2 9.8 0.01 0.01
3 36.6 36.1 0.03 0.02
4 63.1 64.2 0.11 0.05
Aixplorer kPa L10-2 1 7.3 7.0 0.05 0.02 0.997 1 0.996
2 10.6 10.4 0.02 0.01
3 42.4 42.5 0.02 0.02
4 84.9 91.9 0.05 0.02
C1-6 1 10.7 11.7 0.06 0.09 0.995 0.99 0.984
2 15.2 14.1 0.13 0.08
3 36.6 33.7 0.04 0.02
4 58.7 53.2 0.07 0.06
GE (E) 9 L 1 0.8 0.7 0.14 0.00 0.992 0.977 0.845
2 0.8 0.8 0.07 0.09
3 1.3 1.2 0.05 0.06
4 3.0 1.9 0.05 0.05
C1-5 1 0.7 0.6 0.16 0.09 0.976 0.956 0.964
2 0.7 0.8 0.00 0.07
3 1.4 1.6 0.1 0.19
4 2.6 2.7 0.11 0.12
Hitachi SR L-53 1 0.7 0.6 0.03 0.03 0.993 0.998 0.995
2 0.9 0.8 0.03 0.05
3 2.3 1.9 0.03 0.03
4 2.5 2.7 0.05 0.04
C5-1 1 0.4 0.5 0.07 0.05 0.999 0.995 0.997
2 0.7 0.7 0.03 0.07
3 1.3 1.2 0.04 0.05
4 2.2 2.03 0.02 0.04
* Inter-observer intra-class correlation coefficient.
Comparison of elastography systems d A. MULABECIROVIC et al. 2581between two observers was lower when a linear probe
was used compared with a curvilinear probe
(Fig. 3g–h). In those systems in which both curvilinear
and linear probes were available, the measurements
made with a curvilinear probe generally had higher
intra-observer variability. This finding was expected in
the strain-based systems, where movements of the probe
were used to generate strain. We anticipated that a linear
probe would transfer stress more evenly to the flat surface
and underlying material of the phantom than a curved
probe surface. One study found bias in SWE in phantoms
caused by the probe surface design (Zhao et al. 2011), but
no studies have addressed the impact of probe surface
design for US strain imaging.
In this study, all platforms were used on the same
inclusions in a single phantom with known parameters
(Young’s modulus, diameter and depth of inclusion),
providing stable conditions and eliminating the differ-
ences in echogenicity, tissue movement, position, andscanning depth encountered when scanning patients.
The phantom represented standardized and simplified
conditions for investigating freehand application and al-
lows fair comparison of the methods. We found higher
variability in inclusions with lager elastic contrast be-
tween inclusion and background (i.e., the harder le-
sions), in line with previously published studies.
Carlsen et al. reported significantly increased variability
in harder lesions for strain ratios in a similar phantom.
Using acoustic radiation force impulse imaging (Virtual
Tissue Quantification) and deformation imaging (Vir-
tual Tissue Imaging) on a Siemens scanner, they found
that the diameter of inclusions significantly influenced
elastographic measurements (Carlsen et al. 2015). This
association might arise in lesions with a smaller area
than the fixed pre-set size of the measurement area for
shear wave speed (not amendable by the user) in
pSWE systems. Previous studies have also reported
that shear wave velocity is underestimated with
Fig. 3. Correlation between observers for measurements within each lesion: The horizontal and vertical axes represent
measurements by observers B and A, respectively. The unit measured is strain ratio/kPa/elasticity depending on the elas-
ticity platform used. The line in the graph represents the line of unity. The colors represent the different inclusions:
blue 5 inclusion 1 (8 6 3 kPa); green 5 inclusion 2 (14 6 4 kPa); orange 5 inclusion 3 (45 6 8 kPa);
purple 5 inclusion 4 (80 6 12); black 5 background (25 6 6 kPa). The Pearson correlation coefficient (r) and signifi-
cance (p) are given in the top right corner. SWE 5 shear wave elastography; pSWE 5 point SWE; SR 5 strain ratio.
2582 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016increasing focal depth (Tozaki et al. 2011; Yamanaka
et al. 2012), whereas Carlsen et al. reported that
significant decrease in shear wave velocity was
restricted to hard inclusions placed deep in the
phantom. For SSI, several phantom validation studies
have been published, reporting good intra- and inter-
observer reproducibility similar to our results in the pre-
sent study (Ramnarine et al. 2014), and with slightly
lower intra-observer reproducibility by ICC with a
higher number of compared observers and number of
repeated examinations. Mun et al. (2013) found an
inter-observer ICC of 0.82 for mean elasticity using
SSI on a breast phantom with 12 inclusions betweenfour observers. With a larger number of observations
compared, the expected reproducibility would be lower
than in our study. A comparison between four different
quantitative elastography techniques in Zerdine phan-
toms was presented by Oudry et al. (2014). Transient
elastography was compared with mechanical testing,
large-range quasi-static elastography and hyper-
frequency viscoelastic spectroscopy, where only tran-
sient elastography is available in a clinical scanner.
The authors concluded that as a result of different phan-
tom geometry, pre-compression and shear wave fre-
quency, it was hard to define a gold standard for
quantitative elastography based on the available data
Fig. 3. (continued).
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measurements for all inclusions was in the range
20.02 to 20.21 for SWE systems and probes
(Table 4). It has also been reported that the frequency
and shear wave speed are influenced by the viscosityand geometry of soft tissue and, thus, the shear wave-
derived elasticity (Chen et al. 2004, 2009; Nenadic
et al. 2011). Factors such as phantom geometry and
pre-compression may influence elasticity imaging and
measurements, and we sought to minimize this in our
Fig. 4. Limits of agreement: variation and agreement for two observers’ measurements. The horizontal axis represents the
common mean value of all measurements for both observers, whereas the vertical axis represents the difference between
individual measurements and this common mean (strain ratio/kPa/elasticity), displaying the variability of measurements
for the four inclusions. The black line represents the common mean value; the dotted lines represent standard
deviation 3 2 (z95% confidence interval). A mean value close to 0 on the vertical axis indicates that the two observers
applied the measurement scale without bias. If the mean value deviates from 0, one of the observers tended to measure
higher or lower values systematically compared with the other observer.
2584 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016study by selecting reference tissue not too close to phan-
tom encasement or surface and by minimizing pre-
compression in a freehand setting.
The development of elastography has been a major
advantage in the clinical assessment of predicting the
stage of liver fibrosis, and high diagnostic accuracy
has been reported (Ferraioli et al. 2012a, 2012b;
Friedrich-Rust et al. 2008; Sporea et al. 2012a,
2012b). We found very high reproducibility in
repeated examinations of material stiffness in four
selected inclusions, higher than for most clinically
used imaging methods. The variance seen in clinical
examinations, however, is most probably higherbecause of patient-related factors and a much more com-
plex structure in live tissue. Clinical users of US elastog-
raphy have been introduced to a number of new
parameters for quantification of strain or tissue elasticity
over the past 10 y (Castera et al. 2008; Piscaglia et al.
2014). From our results in this study, combined with
experience in clinical elastography scanning, use of a
log scale for elasticity parameters seems interesting. A
log scale would maintain the representation of low
numerical values, for example, in soft lesions, while
the higher values found in stiffer lesions would be
perceived with lower measurement variability. This
would perhaps facilitate measurement reproducibility
Fig. 4. (continued).
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Table 4. Bias of measurements in SWE systems
System Probe Inclusion
Pooled
mean
(kPa)
Expected
Young’s
modulus (kPa) Bias
Philips C5-1 1 6.3 8 20.22
2 11.9 14 20.15
3 41.8 45 20.07
4 55.7 80 20.30
Background 25.9 25 0.04
GE (SWE) 9 L 1 7.8 8 20.03
2 11.1 14 20.21
3 42.8 45 20.05
4 90.7 80 0.13
C1-5 1 6.7 8 20.17
2 10.0 14 20.29
3 36.4 45 20.19
4 63.7 80 20.20
Aixplorer L10-2 1 7.2 8 20.11
2 10.5 14 20.25
3 42.5 45 20.06
4 88.4 80 0.11
C1-6 1 11.2 8 0.40
2 14.7 14 0.05
3 35.2 45 20.22
4 55.9 80 20.30
SWE 5 shear wave elastography.
2586 Ultrasound in Medicine and Biology Volume 42, Number 11, 2016and yield numerical data for more robust cutoff values in
clinical settings.
The observers had different levels of experience in
performing ultrasound elastography; one of the observers
had less experience than the two other observers. None of
the observers were familiar or experienced with all of the
systems. Previous reports indicate that training and expe-
rience should be taken into account when examining liver
stiffness with SWE (Ferraioli et al. 2014), whereas strain
imaging reported as SR did not seem affected by operator
experience in one recent phantom study (Carlsen et al.
2014). Our results suggest that in a simplified model of
scanning a tissue-mimicking phantom, the learning curve
in elastography is steeper than that in scanning liver tis-
sue. No data from a single observer were discarded in
any of the platforms.Limitations of the study
This in vitro study has several important limitations
and simplifications. The US phantom did not provide
viscoelastic properties like live soft tissues. The study
design allowed evaluation and comparison of the repro-
ducibility of the methods under idealized conditions,
and the results cannot be immediately transferred to a
complex clinical setting. To evaluate reproducibility in
live tissue, further studies are needed. The probes used
in this study had minor differences in shape and US fre-
quency in the range 1–10 MHz. Because of the different
elastography methods applied (pSWE/SWE and SE), the
ROI was not identical for all systems. Not all shear wavemethods provided both shear wave speed and kilopascal
measurements at the same time. This had to be pre-
selected in one of the platforms.CONCLUSIONS
Using five different platforms, we had good to excel-
lent repeatability of elasticity or strain measurements in
four focal inclusions in a tissue-mimicking phantom.
The repeatability for intra- and inter-observations ex-
hibited excellent ICC and VC values for the systems
tested. For soft inclusions, the systems had very high
repeatability and low inter-observer variations. The shear
wave-based elastography methods SSI and GE-SWE
produced elasticity measurements closest to the values
provided by the producer of the phantom. Freehand
real-time strain measurements also exhibited excellent
intra-observer variability, but with some variability be-
tween observers. These results confirm a high level of
repeatability for all tested elastography platforms in an
in vitro setting, but further studies are needed to evaluate
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